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Abstract 51 
 52 
Early life exposure to environmental chemicals can have long-term consequences that are not always 53 
apparent until later in life. We recently demonstrated that developmental exposure of zebrafish to low, 54 
non-embryotoxic levels of 3,3’,4,4’,5-pentachlorobiphenyl (PCB126) did not affect larval behavior, but 55 
caused changes in adult behavior. The objective of this study was to investigate the underlying 56 
molecular basis for adult behavioral phenotypes resulting from early life exposure to PCB126.  We 57 
exposed zebrafish embryos to PCB126 during early development and measured transcriptional 58 
profiles in whole embryos, larvae and adult male brains using RNA-sequencing. Early life exposure to 59 
0.3 nM PCB126 induced cyp1a transcript levels in 2-dpf embryos, but not in 5-dpf larvae, suggesting 60 
transient activation of aryl hydrocarbon receptor with this treatment. No significant induction of cyp1a 61 
was observed in the brains of adults exposed as embryos to PCB126. However, a total of 2209 and 62 
1628 genes were differentially expressed in 0.3 nM and 1.2 nM PCB126-exposed groups, 63 
respectively. KEGG pathway analyses of upregulated genes in the brain suggest enrichment of 64 
calcium signaling, MAPK and notch signaling, and lysine degradation pathways. Calcium is an 65 
important signaling molecule in the brain and altered calcium homeostasis could affect neurobehavior. 66 
The downregulated genes in the brain were enriched with oxidative phosphorylation and various 67 
metabolic pathways, suggesting that the metabolic capacity of the brain is impaired. Overall, our 68 
results suggest that PCB exposure during sensitive periods of early development alters normal 69 
development of the brain by reprogramming gene expression patterns, which may result in alterations 70 
in adult behavior.  71 
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Introduction 77 
Epidemiological and experimental studies have clearly established that exposure to stressors 78 
during preconception and perinatal periods of development can have long-term implications that are 79 
seen well after the exposure has occurred (Gluckman et al., 2016). This is a growing field of research 80 
investigating the latent effects of early life exposure to stressors, known as the developmental origins 81 
of adult health and disease (DOHaD).  A number of early life events such as exposure to nutritional, 82 
psychological and chemical stressors have been shown to have later life consequences (Gluckman, 83 
et al., 2016). Such early life exposures have been linked to disease outcomes such as cardiovascular 84 
and metabolic disorders (Gilbert, 2016;  Heindel et al., 2017), hypertension (Gilbert and Nijland, 85 
2008), cognitive disabilities (Lester et al., 2012), respiratory disorders (Turner, 2016) and various 86 
types of cancers (Ho et al., 2016;  Walker and Ho, 2012). DOHaD research in the past decade has 87 
focused on characterizing the molecular basis of the relationship between developmental exposure 88 
and later life diseases.  89 
The list of environmental chemicals investigated for latent effects of early life exposure is 90 
increasing rapidly and includes persistent organic pollutants such as polychlorinated biphenyls 91 
(PCBs). Even though PCBs have been banned for many decades, they are ubiquitously distributed in 92 
the environment and are present in detectable levels (0.4-1.9 parts per billion) in human blood 93 
samples (Xue et al., 2014). The effects of prenatal exposure to PCBs on the offspring are well 94 
documented. For example, there is a strong association between prenatal exposure to PCBs and 95 
lower intelligence in children (Stewart et al., 2008). Similar associations have been observed between 96 
PCB levels in school buildings and behavioral changes such as learning and memory deficits in 97 
children (Schantz et al., 2003) and adolescents (Newman et al., 2009). It is also increasingly being 98 
recognized that exposure to low levels of PCBs that do not cause overt acute toxicity can have long-99 
term consequences on behavior, growth and metabolism (Jensen et al., 2014;  Patandin et al., 1998;  100 
Vreugdenhil et al., 2002;  Winneke et al., 2014); however, the underlying molecular basis is not well 101 
understood.  102 
 4 
A wide range of species have been utilized as models in DOHaD research including sheep, 103 
rats, mice, guinea pigs (Dickinson et al., 2016), and more recently zebrafish (Bailey et al., 2016;  104 
Bailey et al., 2015;  Baker et al., 2014a;  Knecht et al., 2017;  Wirbisky et al., 2016a;  Wirbisky et al., 105 
2015). Zebrafish are ideal for DOHaD studies because of short generation time (~3-4 months to reach 106 
adulthood), relatively large clutch sizes and external fertilization. This allows the exposure of embryos 107 
to toxicants very early during embryogenesis, have a large number of biological replicates and 108 
conduct multigenerational studies in a relatively short period of time. In addition, the availability of 109 
genomic and bioinformatic resources enables investigating mechanisms of action. Several studies 110 
have recently demonstrated that exposure to environmental chemicals during early zebrafish 111 
development can have latent effects. For instance, exposure of zebrafish embryos to TCDD for 1h at 112 
two critical developmental time points impaired reproductive performance in adults (Baker et al., 113 
2014b;  King Heiden et al., 2009). Some of these effects were even shown to be observed in 114 
subsequent generations. Similarly, benzo[a]pyrene (BaP) and atrazine exposure during zebrafish 115 
development was shown to cause reproductive defects in adults and morphological defects in 116 
subsequent generations (Corrales et al., 2014;  Wirbisky et al., 2016b).  117 
We recently demonstrated that exposure of early zebrafish embryos to low levels of a dioxin-118 
like PCB (PCB126) had no overt toxicity during early development, but as adults, PCB126-exposed 119 
fish showed impaired habituation to a novel environment (Glazer et al., 2016).  All of these studies 120 
clearly demonstrate latent phenotypes associated with early life exposures to a variety of 121 
environmental chemicals. However, very few studies have investigated the transcriptional changes in 122 
the adults following developmental exposure to toxicants (Baker et al., 2016;  Wirbisky, et al., 2016a;  123 
Wirbisky, et al., 2015). These studies provided important information about the latent effects of early 124 
life exposure to toxicants. Because gene expression changes are dynamic, it is important to 125 
determine the effects of exposure at multiple time points. Hence, in this study we investigated the 126 
transcriptional responses associated with exposure to two different doses (0.3 and 1.2nM) of PCB126 127 
using RNA-sequencing at three different time points (embryo, larvae and adult brain). We used 128 
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PCB126 as a model toxicant because its mode of action and developmental toxicity are well 129 
understood. PCB126 acts through the aryl hydrocarbon receptor (AHR), a ligand-activated 130 
transcription factor that mediates the toxic effects of chlorinated dioxins, planar PCBs, and other 131 
dioxin-like compounds. We hypothesized that the latent behavioral effects observed in adult fish that 132 
were developmentally exposed to low levels of PCB126 are due to altered programming of gene 133 
expression patterns in the brain. 134 
 135 
Methods 136 
Animals and experimental design 137 
Tupfel-longfin (TL) strain of zebrafish were used in this study. All experiments conducted were 138 
approved by the Woods Hole Oceanographic Institution’s animal care and use committee. The 139 
experimental design and sampling regime followed are described in (Glazer, et al., 2016). Briefly, 140 
zebrafish embryos were exposed to either solvent control (DMSO) or different concentrations of 141 
PCB126 (0.3, 0.6 and 1.2 nM) starting from 4 hours post-fertilization (hpf) to 24 hpf. These PCB126 142 
concentrations were chosen because they do not cause overt morphological phenotypes such as 143 
pericardial and yolk sac edema, heart deformities and lower jaw malformation typically observed with 144 
concentrations above 3nM. Due to lipophilic nature and bioaccumulative properties of PCBs, short 145 
term exposure of zebrafish embryos is sufficient for its uptake and persistence throughout embryonic 146 
development. At the end of the exposure period, embryos were thoroughly rinsed and raised in clean 147 
water until 6 months of age. Embryos and larvae were sampled at 2 and 5 days post-fertilization (dpf) 148 
respectively, for measuring acute gene expression changes. Whole brain samples were collected 149 
from adult male zebrafish to determine latent effects of developmental exposure to low levels of 150 
PCB126. The adult males were the same fish used in the behavioral assays described in (Glazer, et 151 
al., 2016); the brains were sampled after completion of the behavioral testing. We only did 152 
transcriptional profiling on 0.3 nM and 1.2 nM PCB126 exposed groups. 153 
 154 
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Total RNA isolation and strand-specific RNA sequencing 155 
Previously (Glazer, et al., 2016), we reported that developmental exposure to PCB126 did not 156 
affect early development or behavior, but as adults the fish displayed behavioral changes. In order to 157 
understand the transcriptional basis for these responses, we measured gene expression patterns in 158 
the embryos (2 dpf), larvae (5 dpf) and in the adult brain (6 months). Each time point had three 159 
treatments (DMSO, 0.3 and 1.2nM PCB126) except at 2dpf, where only DMSO and 0.3nM PCB126 160 
samples were sequenced. Each treatment had three biological replicates and each replicate is a pool 161 
of embryos (10 per pool) or larvae (15 per pool). For adult male brain samples, each replicate is from 162 
an individual fish. Total RNA was isolated from 2 dpf embryos and adult brain samples following a 163 
protocol for simultaneous isolation of DNA and RNA (Pena-Llopis and Brugarolas, 2013). Total RNA 164 
was isolated from 5 dpf larvae using the AurumTM Total RNA Mini Kit (Bio-Rad, Hercules, CA). Quality 165 
of the RNA was checked using Bioanalyzer (Agilent Technologies, Santa Clara, CA); the RNA 166 
integrity numbers of all samples used for RNAseq were above 9.2. Strand-specific RNAseq library 167 
preparation and sequencing were done at the Tufts University Core Facility. Library preparation was 168 
done using Illumina TruSeq with Ribozero total RNA library prep kit and 50 bp single-end, strand-169 
specific sequencing was performed on the HiSeq2500 platform.  170 
 171 
Data analysis 172 
Raw data files were assessed for quality using FastQC (Andrews, 2010) prior to pre-173 
processing.  Pre-processing was done 1) by trimming the adaptor sequences using Trimmomatic and 174 
2) removing any reads with low sequence quality (Phred score less than 20). Trimmed sequence 175 
reads were mapped to the zebrafish genome using the STAR aligner (Dobin and Gingeras, 2015). 176 
Mapping quality was checked using RSeQC pipeline (Wang et al., 2012) and coordinate sorted BAM 177 
files were filtered using samtools (-F 256) to remove reads with poor mapping quality. The number of 178 
reads mapped to annotated regions of the genome were obtained using HTSeq-count (Anders et al., 179 
2015).  We used Ensembl version 84 (GRCz10) of the zebrafish genome and annotations (gtf) in this 180 
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analysis (Yates et al., 2016). Statistical analysis was conducted using edgeR, a Bioconductor 181 
package (Robinson et al., 2010). We used the quasi-likelihood model in edgeR (glmQLFTest) to 182 
perform differential gene expression analysis. Only genes with false discovery rate (FDR) of less than 183 
5% were considered to be differentially expressed. Raw data has been deposited in gene expression 184 
omnibus (Accession number GSE98741) and Dryad (Aluru et al., 2017). We used BioMart (Smedley 185 
et al., 2015) to obtain gene symbols and gene names. The complete list of differentially expressed 186 
genes in different treatment conditions is provided in supplemental information (dge.xlsx). 187 
 188 
Gene Ontology (GO) classification and KEGG pathway analysis 189 
Differentially expressed genes (DEGs) were functionally classified based on GO terms using 190 
the PANTHER (Protein Annotation THrough Evolutionary Relationship) classification system 191 
(pantherdb.org; (Mi et al., 2013)) and gProfiler (Reimand et al., 2016). PANTHER and gProfiler 192 
include comprehensive species-specific GO annotations directly imported from the GO database 193 
(Gene Ontology, 2015). We used zebrafish ensembl IDs as input and classified our DEGs using the 194 
GO molecular function complete database, which includes both manually curated and electronic 195 
annotations. Bonferroni correction for multiple testing was used while determining the fold enrichment 196 
of GO terms. Only GO terms with p-value of less than 0.05 were considered to be statistically 197 
significant and used in subsequent analyses. To understand the relationship between GO terms, 198 
Directed Acyclic Graphs (DAGs) of significantly enriched GO terms were drawn using GOView 199 
(webgestalt.org/GOView). We obtained similar results with both PANTHER and gProfiler software.  200 
We did GO term and KEGG pathway analysis on three different groups of DEGs. First, we did 201 
the analysis on up and downregulated genes separately. A second analysis was done on the genes 202 
that were common to both exposure groups. The third analysis was done on all the DEGs combined 203 
(up and downregulated genes together). Results from the first two analyses are reported in the text; 204 
results from the third analysis are included in the supplemental information. To compare the results 205 
from the two PCB126 concentrations, gCocoa was used (Reimand, et al., 2016).  KEGG pathway 206 
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analysis of the differentially expressed genes (DEGs) was done using gProfiler and the pathways 207 
were visualized using the KEGG database (http://www.genome.jp/kegg/). We manually went through 208 
the list of genes represented under each enriched GO term and KEGG pathway and only the 209 
pathways with unique lists of genes are shown.  210 
 211 
Results 212 
Strand-specific RNA sequencing of embryos, larvae and adult male brain samples yielded an 213 
average of 31 million reads per sample, after pre-processing. Of these, 84% of the reads were 214 
uniquely mapped and this was consistent across all three developmental stages. The summary of 215 
mapping statistics is provided in supplemental Information (summary_statistics.xlsx).  216 
 217 
Acute effects of exposure to low levels of PCB126 218 
We exposed zebrafish embryos to 0.3nM and 1.2nM PCB126 from 4 to 24 hpf and collected 219 
samples at 2 and 5 dpf to determine the acute effects of exposure.  In 0.3nM PCB126-exposed 220 
embryos, there was only one differentially expressed gene (DEG), cytochrome P4501A (cyp1a; FDR 221 
<5%) at 2 dpf (Tables 1).  Cyp1a was induced 12.5-fold, evidence of modest AHR activation and 222 
consistent with our quantitative RT-PCR results reported earlier (Glazer et al. 2016). Changing the 223 
FDR cutoff to 10% showed two additional genes to be induced, the xenobiotic metabolism genes 224 
cyp1c1 and cyp1c2, induced 2.5- and 4.5-fold respectively.  At 5 dpf, 0.3 nM PCB126-exposed larvae 225 
had no DEGs, suggesting that AHR activation was transient at this concentration (Table 1). In 226 
contrast, in 1.2 nM PCB126-exposed larvae a total of 7 genes were differentially expressed (FDR 227 
<5%): cyp1a, cyp1c1, cyp1c2, cyp1b1, ahrra, foxf2a and one non-coding RNA (lincRNA) (Table 1). All 228 
these are AHR target genes and were upregulated.  We observed a modest increase in AHR gene 229 
expression in both 0.3 nM (logFC of 1.2) and 1.2 nM (logFC of 1.43), which were not significant (FDR 230 
>0.05).  231 
 232 
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Long-term effects of early life AHR activation on gene expression patterns in the male brain 233 
In contrast to the acute effects, a large number of genes were differentially expressed in the 234 
whole brain samples of adult male fish exposed to PCB126 during early development. Volcano plots 235 
show the number of DEGs in the brain in comparison to 2 and 5 dpf animals (Figure 1).  A total of 236 
2209 and 1628 DEGs were observed in 0.3 and 1.2 nM PCB126-exposed groups, respectively (FDR 237 
<5%). The number of up and downregulated genes at each concentration are shown in Figure 2. A 238 
total of 977 genes were common to both treatments. Among them, 415 genes were downregulated 239 
and 562 were upregulated (Figure 2). The list of 977 genes is provided in supplemental information 240 
(977_commongenes.xlsx). 241 
 242 
Functional classification of DEGs using GO annotations 243 
GO term enrichment analysis on up and downregulated genes revealed that the DEGs in 0.3 244 
and 1.2 nM PCB126 groups are associated with the same GO terms. Table 2 shows the statistically 245 
significant GO terms and the associated DEGs for up and downregulated genes. The list of genes 246 
represented in each GO term is provided in the supplemental information. Among the upregulated 247 
genes, two GO terms--cation channel activity and transcription factor activity--are enriched in both 248 
PCB126 groups (Table 2). Downregulated genes are enriched in GO terms such as structural 249 
constituent of ribosome, RNA binding, collagen binding, sulfur compound binding, 250 
phosphotidylinositol-4,5-biphosphate binding and potassium:chloride symporter activity. Of these, only 251 
structural constituent of ribosome is enriched in both treatment groups (Table 2). GO analysis on the 252 
977 DEGs that are common to both treatment groups revealed enrichment of GO terms high voltage-253 
gated calcium channel activity (GO:0008331) and structural constituent of ribosome (GO:0003735) 254 
(Table 4). 255 
 256 
Enrichment of KEGG pathways 257 
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Functional annotation of DEGs revealed enrichment of important pathways in both up and 258 
downregulated gene sets. Among the upregulated genes, calcium signaling, MAPK signaling, lysine 259 
degradation, ErbB signaling and GnRH signaling pathways were significantly enriched in both 260 
treatment groups (Table 3). Figure 3 shows the KEGG calcium signaling pathway with the genes that 261 
were upregulated in one or both treatment groups highlighted. The fold change values of these genes 262 
in 0.3nM and 1.2nM PCB126 groups are shown in Table 5. 263 
The downregulated DEGs were enriched in pathways such as oxidative phosphorylation, 264 
ribosome, metabolic pathways, carbon metabolism, ECM-receptor interaction, glutathione 265 
metabolism, fatty acid metabolism and citrate cycle (Table 3). Of these, only oxidative 266 
phosphorylation and ribosome were enriched in both 0.3 and 1.2nM PCB126 groups. The remaining 267 
pathways were only enriched in the 0.3 nM PCB126 group. The key steps in the oxidative 268 
phosphorylation pathway and the genes that were downregulated in one or both treatment groups are 269 
shown in Figure 4. KEGG analysis on the 977 DEGs common to both exposure groups revealed 270 
enrichment of ribosome, oxidative phosphorylation, calcium signaling pathway and cardiac muscle 271 
contraction (Table 4). We have provided the list of genes represented under each GO and KEGG 272 
terms in the supplemental information (PathwayAnalysis_Up.xlsx and PathwayAnalysis_Down.xlsx). 273 
 274 
Discussion 275 
We recently demonstrated that low-dose PCB126 exposure during early embryonic 276 
development results in behavioral deficits in adults (Glazer, et al., 2016). The current study was aimed 277 
at understanding the transcriptomic changes associated with these latent behavioral changes 278 
observed in the adults.  Changes in gene expression and toxic effects associated with developmental 279 
PCB126 exposure in zebrafish are well documented (Grimes et al., 2008;  Jonsson et al., 2007a;  280 
Jonsson et al., 2012;  Jonsson et al., 2007b). In this study, exposure to 0.3 or 1.2 nM PCB126 did not 281 
cause any morphological changes typically seen with higher doses of dioxin-like PCBs (Jonsson, et 282 
al., 2007a;  Jonsson, et al., 2012). We also did not observe any defects in behavior in the exposed 283 
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larvae at 7 and 14 dpf; however, as adults the fish exposed as embryos showed impaired habituation 284 
to a novel environment (Glazer, et al., 2016). We hypothesized that these latent behavioral defects 285 
are due to AHR-induced altered programming of gene expression patterns in the brain during early 286 
development. Studies in mammals have demonstrated the importance of AHR in embryogenesis, 287 
particularly in the development of important tissues and organ systems (Fernandez-Salguero et al., 288 
1995;  Lund et al., 2006;  McMillan and Bradfield, 2007;  Schneider et al., 2014;  Singh et al., 2009). 289 
Similar to our results, activation of AHR in pregnant dams by dioxin exposure was shown to cause 290 
behavioral abnormalities in the offspring as adults, suggesting that abnormal AHR signaling during 291 
development can alter the developmental trajectory leading to various behavioral phenotypes (Endo 292 
et al., 2012;  Kakeyama et al., 2014;  Markowski et al., 2001;  Schantz et al., 1996;  Thiel et al., 1994).  293 
However, the underlying long-term transcriptional changes associated with developmental exposure 294 
to persistent organic pollutants such as PCBs have not been characterized. 295 
 296 
Similar to mammals, induction of CYP1A is a classical response to PCB126 exposure in 297 
zebrafish. CYP1A induction was the only significant change in gene expression in 0.3nM PCB126-298 
exposed embryos at 2 dpf, with no significant changes observed at 5 dpf, pointing to a transient AHR 299 
activation by this low concentration of the chemical. On the other hand, a higher concentration 300 
(1.2nM) of PCB126 caused induction of several AHR target genes at 5 dpf suggesting sustained AHR 301 
activation throughout early development. We also have previously reported induction of CYP1A in 302 
1.2nM PCB126 group at 2 dpf (Glazer et al., 2016). In contrast to the results at 2 and 5 dpf when 303 
there were changes in expression of very few genes, there were large-scale transcriptional changes in 304 
the brain of adult fish that were developmentally exposed to PCB126.  305 
 306 
Gene Ontology analysis of the genes upregulated in the brain shows enrichment of the GO 307 
term cation channel activity. The majority of genes included in this term are voltage-gated calcium 308 
channels (VGCCs) encoding alpha subunits that represent P/Q (cacna1aa, cacna1ab), N (cacna1ba, 309 
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cacna1bb), L (cacna1c, cacna1da) and T (cacna1g, cacna1ha, cacna1i) type calcium channels. All 310 
these genes were significantly upregulated in the brain (Table 5). VGCCs are important players in the 311 
transmission of electrical impulses, regulating many different physiological processes.  Previous 312 
studies have shown that TCDD and non-dioxin-like PCBs, affect both the basal and stimulated 313 
(depolarization-evoked) increase in intracellular calcium levels (Kim and Yang, 2005;  Langeveld et 314 
al., 2012). Depolarization-evoked increases in intracellular calcium occur mainly via voltage–activated 315 
L-, N-, and P/Q-type and to a lesser extent by T-type channels. Acute exposure of rat neocortical 316 
cultures to Aroclor 1254, a commercial PCB mixture caused an increase in resting intracellular 317 
calcium levels which has been attributed to calcium ion influx (Inglefield and Shafer, 2000), 318 
suggesting altered calcium homeostasis. Indeed, KEGG pathway analysis of our data revealed that 319 
calcium signaling was one of the enriched pathways among the upregulated genes. In addition to 320 
VGCCs, we observed upregulation of genes encoding G-protein coupled receptors (glutamate 321 
(grm1b, grm5a), cholinergic (chrm2a), tachykinin (tacr1a), histamine (hrh1)) and important signal 322 
transduction molecules (adenylate cyclases adcy1a, adcy2a) in calcium signaling.  The results thus 323 
suggest that dioxin-like PCBs affect calcium homeostasis in the brain in vivo.  324 
 325 
Indeed, AHR agonists TCDD and benzo(a)pyrene (BaP) have been shown to cause a 326 
transient increase in intracellular calcium levels, possibly by an AHR-independent mechanism 327 
(Kobayashi et al., 2009;  Mayati et al., 2012;  Puga et al., 1992). The signal transduction pathway for 328 
induction of intracellular calcium concentration by BaP involves activation of β2-adrenergic receptor 329 
and induction of adenylyl cyclase and inositol 1,4,5-trisphosphate signaling cascade (Mayati, et al., 330 
2012). The genes associated with this signaling cascade were upregulated in the adult brains in both 331 
of our PCB exposure groups. The disruption in calcium homeostasis could affect downstream 332 
signaling pathways potentially affecting important cognitive functions such as learning and memory. 333 
 334 
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One of the pathways directly affected by altered calcium signaling is the mitogen-activated 335 
protein kinase (MAPK) signaling pathway, also enriched in our dataset. MAPK signaling influences a 336 
variety of cellular functions, including cell proliferation, senescence and apoptosis. One of the widely 337 
studied MAPK pathways is the Ras/Raf/MEK/ERK cascade; we observed upregulation of genes 338 
associated with each step of this signaling cascade. For instance, in 0.3nM PCB126 group, there was 339 
upregulation of Ras (rasgraf2b), Raf(braf) and MEK/ERK (mapk2k5, mapk3k13, mapk8b, mapk2k4a, 340 
mapk10, mapk4k3b) genes.  MAPK signaling has been implicated in brain development (Jeanneteau 341 
and Deinhardt, 2011;  Thomas and Huganir, 2004). It has been shown to play an important role in 342 
synaptic plasticity, long-term memory and in anxiety and depression-like behaviors (Jeanneteau and 343 
Deinhardt, 2011;  Thomas and Huganir, 2004;  Wefers et al., 2012). AHR agonists such as TCDD and 344 
PCB126 have been shown to induce MAPK signaling in neuronal cells (Li et al., 2013;  Puga, et al., 345 
1992;  Song and Freedman, 2005) but It remains to be determined if the latent behavioral effects of 346 
developmental exposure to AHR agonists are mediated by MAPK signaling. 347 
 348 
One of the widely investigated mechanisms behind latent effects of developmental exposure to 349 
stressors is the epigenetic regulation of gene expression, which includes DNA methylation, chromatin 350 
modifications, and altered noncoding RNAs. In this study, we observed enrichment of genes 351 
associated with methylation of lysine (K) residues in histone proteins (KEGG: lysine degradation 352 
pathway).  Lysine methylation exists in mono, di, and tri-methyl states and these modifications can 353 
regulate gene expression by changing chromatin structure and DNA accessibility. The most well-354 
characterized lysine methylation residues are K4, K9, K27, K36, and K79 of histone H3. Methylation 355 
of H3K4, H3K36, and H3K79 is associated with transcriptional activation, whereas H3K9 and H3K27 356 
are correlated with transcriptional repression (Martin and Zhang, 2005). The primary regulators of 357 
H3K4 methylation are histone lysine methyltransferases (KMTs); we observed upregulation of 7 358 
genes belonging to this class of proteins (kmt2a, kmt2bb, kmt2ca, setd1a, setd1ba, ash1 and 359 
whsc1l1). In addition, we observed a H3K79 methyltransferase  (dot1l) to be upregulated in PCB-360 
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exposed fish.  Previous studies have shown that PCBs target histone modifications (Casati et al., 361 
2012;  Ovesen et al., 2011) but the effects of altered expression of KMTs on chromatin accessibility 362 
and gene expression are not known. One recent study has characterized the persistent effects of 363 
developmental exposure to toxicants that involve histone modifications.  For example, developmental 364 
exposure to bisphenol A (BPA) increased the H3K4 trimethylation mark at genes associated with 365 
prostate cancer, and these marks persisted into adulthood (Wang et al., 2016). Similar functional 366 
studies should be conducted in order to characterize the consequences of upregulation of KMT genes 367 
in PCB126-exposed fish. 368 
 369 
Another significant finding of this study is the downregulation of a large number of genes 370 
associated with oxidative phosphorylation (OxPhos). Oxidative phosphorylation takes place inside 371 
mitochondria, generating ATP necessary for cellular functions. Downregulation of OxPhos genes 372 
suggests mitochondrial dysfunction and defects in ATP generation. Energy metabolism in the brain is 373 
also mainly dependent on OxPhos for ATP generation (Belanger et al., 2011), and reduced ATP 374 
generation in the brain is a hallmark of neurodegenerative disorders (Koopman et al., 2013). The 375 
genes downregulated in our study belong to all four complexes (I-IV) and the final ATP synthesis step 376 
of the electron transport chain. Surprisingly, 64 OxPhos genes were downregulated in the 0.3nM 377 
PCB126-exposed group compared to only 20 genes in the 1.2nM PCB126 group, suggesting that the 378 
mechanisms of action might be different at these two concentrations. One potential explanation for 379 
more genes differentially expressed with 0.3 nM PCB126 than with 1.2nM could be the non-monotonic 380 
dose response effects. The acute non-monotonic effects of toxicants have been widely demonstrated 381 
(Birnbaum, 2012), but similar studies in understanding the DOHaD effects are lacking. Our results 382 
stress the need for investigating the non-monotonic effects in the DOHaD context.  383 
 384 
   Effects of AHR agonists on mitochondrial function have been documented previously 385 
(Biswas et al., 2008;  Shertzer et al., 2006). For instance, TCDD-exposed mice have approximately 386 
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60% reduction in hepatic ATP production in the mitochondria (Shertzer, et al., 2006). In murine 387 
myoblast cells, TCDD disrupts mitochondrial transmembrane potential, transcription and translation 388 
(Biswas, et al., 2008). These are acute effects of TCDD exposure observed within a few days to a 389 
week, whereas in the current study the effects observed are 6 months after the developmental 390 
exposure, suggesting that effects of dioxin-like PCBs might be similar irrespective of the exposure 391 
regime, but that the mechanisms of action might vary. In addition to the effects on OxPhos, we 392 
observed enrichment of KEGG terms such as metabolic pathways, fatty acid metabolism, ribosome 393 
and carbon metabolism. These results suggest an overall reduction in metabolism in the brain as 394 
shown by reduction in glucose and fatty acid metabolism genes and ribosomal genes, which are 395 
essential for protein synthesis. The brain is a very important metabolic organ and the energy required 396 
for the generation of action potentials, maintenance of ionic gradients and neurotransmission is 397 
dependent on ATP generation. In addition, the intermediates of metabolic pathways are the 398 
precursors for neurotransmitter biosynthesis. As neurotransmitters are important players in the 399 
cognitive and learning behaviors, any effects on brain metabolism can have far reaching negative 400 
consequences. The behavioral defects observed in our study (Glazer, et al., 2016) may also be the 401 
consequence of altered metabolic capacity of the brain initiated by changes during development.  402 
 403 
AHR has been shown to play an important role in neurodevelopment in both invertebrates and 404 
vertebrates. For instance, AHR has been shown to regulate neuronal growth in C.elegans (Qin and 405 
Powell-Coffman, 2004), dendrite morphogenesis in D.melanogaster  (Crews and Brenman, 2006) and 406 
neuronal differentiation in rodents (Dever et al., 2016;  Latchney et al., 2013), suggesting an 407 
evolutionarily conserved role for AHR in neurodevelopment. However, the effects of AHR activation 408 
during development on cellular differentiation in the developing nervous system are only beginning to 409 
be understood. Recently, it has been demonstrated that 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) 410 
exposure to dams at gestational day 12.5 disrupted dendritic branch growth in the hippocampus and 411 
amygdala in 14 day old offspring and significantly reduced spine densities at 16 months, suggesting 412 
 16 
that AHR activation during development causes persistent changes in tissue morphology (Kimura et 413 
al., 2015). To our knowledge this is the first study investigating the persistent effects of AHR activation 414 
during development in zebrafish. Our results concur with previous observations that AHR agonists 415 
alter intracellular calcium signaling and energy metabolism during brain development. Although we 416 
cannot directly compare the results from our study to these previous findings, our results provide 417 
evidence that transient AHR activation during critical periods of development may cause tissue 418 
remodelling, which could have far-reaching consequences on  brain function later in life. Further 419 
studies are needed to characterize the cellular phenotypes and the molecular mechanisms associated 420 
with long-term changes in gene expression.  421 
 422 
Conclusions 423 
 424 
In conclusion, we observed significant changes in gene expression in the brains of adult male 425 
zebrafish that were developmentally exposed to low doses of PCB126 and in which we previously had 426 
observed behavioral deficits. These results provide a basis for DOHaD effects caused by persistent 427 
organic pollutants. The low doses of PCB126 used in this study only induced AHR signaling 428 
transiently during development providing an opportunity to investigate the latent effects of AHR 429 
activation during development.  Genes upregulated by PCB126 are enriched in calcium signaling, 430 
MAPK signaling and lysine degradation pathways. Both calcium and MAPK signaling play an 431 
important role in neurodevelopment and cognitive functions such as learning and memory, and 432 
enrichment of lysine methyltransferase (KMT) genes implicates histone modifications. Among the 433 
downregulated genes, there is an overrepresentation of genes involved in oxidative phosphorylation 434 
suggesting that developmental exposure to PCB126 altered energy homeostasis in the brain. Futher 435 
studies are necessary to characterize the functional significance of these changes. 436 
 437 
Supplementary Data Description 438 
 439 
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1. dge.xlsx contains the complete list of differentially expressed genes in different treatment 440 
conditions. 441 
2. summary_statistics.xlsx provides summary of mapping statistics. 442 
3. 977_commongenes.xlsx contains the list of 977 genes common to both treatment conditions. 443 
4. PathwayAnalysis_Up.xlsx and PathwayAnalysis_Down.xlsx contains GO and KEGG pathway 444 
analysis results. 445 
  446 
Funding Information 447 
 448 
This work was supported by the Woods Hole Center for Oceans and Human Health (National 449 
Institutes of Health (NIH) grant P01ES021923 and National Science Foundation Grant OCE-1314642 450 
to M. Hahn, J. Stegeman, NA and SK) and NIH ONES grant (R01ES024915) to NA. LG was 451 
supported by the Postdoctoral Scholar Program at the Woods Hole Oceanographic Institution (with 452 
funding provided by the Townsend Postdoctoral Scholarship Fund, and the John H. Steele 453 
Endowment in support of Postdoctoral Research).  454 
 455 
 456 
References 457 
 458 
 459 
Aluru, N., Karchner, S., and Glazer, L. (2017). Data from: Early life exposure to low levels of AHR 460 
agonist PCB126 (3,3’,4,4’,5-pentachlorobiphenyl) reprograms gene expression in adult brain. In 461 
(Dryad Data Repository. https://doi.org/10.5061/dryad.j4g98) 462 
Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq--a Python framework to work with high-463 
throughput sequencing data. Bioinformatics 31(2), 166-9. 464 
Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence data. In 465 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 466 
Bailey, J. M., Oliveri, A. N., Karbhari, N., Brooks, R. A., De La Rocha, A. J., Janardhan, S., and Levin, 467 
E. D. (2016). Persistent behavioral effects following early life exposure to retinoic acid or valproic acid 468 
in zebrafish. Neurotoxicology 52, 23-33. 469 
 18 
Bailey, J. M., Oliveri, A. N., Zhang, C., Frazier, J. M., Mackinnon, S., Cole, G. J., and Levin, E. D. 470 
(2015). Long-term behavioral impairment following acute embryonic ethanol exposure in zebrafish. 471 
Neurotoxicol Teratol 48, 1-8. 472 
Baker, B. B., Yee, J. S., Meyer, D. N., Yang, D., and Baker, T. R. (2016). Histological and 473 
transcriptomic changes in male zebrafish testes due to early life exposure to low level 2,3,7,8-474 
tetrachlorodibenzo-p-dioxin. Zebrafish 13(5), 413-23. 475 
Baker, T. R., King-Heiden, T. C., Peterson, R. E., and Heideman, W. (2014a). Dioxin induction of 476 
transgenerational inheritance of disease in zebrafish. Mol Cell Endocrinol 398(1-2), 36-41. 477 
Baker, T. R., Peterson, R. E., and Heideman, W. (2014b). Using zebrafish as a model system for 478 
studying the transgenerational effects of dioxin. Toxicol Sci 138(2), 403-11. 479 
Belanger, M., Allaman, I., and Magistretti, P. J. (2011). Brain energy metabolism: focus on astrocyte-480 
neuron metabolic cooperation. Cell Metab 14(6), 724-38. 481 
Birnbaum, L. S. (2012). Environmental chemicals: evaluating low-dose effects. Environ Health 482 
Perspect 120(4), A143-4. 483 
Biswas, G., Srinivasan, S., Anandatheerthavarada, H. K., and Avadhani, N. G. (2008). Dioxin-484 
mediated tumor progression through activation of mitochondria-to-nucleus stress signaling. Proc Natl 485 
Acad Sci U S A 105(1), 186-91. 486 
Casati, L., Sendra, R., Colciago, A., Negri-Cesi, P., Berdasco, M., Esteller, M., and Celotti, F. (2012). 487 
Polychlorinated biphenyls affect histone modification pattern in early development of rats: a role for 488 
androgen receptor-dependent modulation? Epigenomics 4(1), 101-12. 489 
Corrales, J., Thornton, C., White, M., and Willett, K. L. (2014). Multigenerational effects of 490 
benzo[a]pyrene exposure on survival and developmental deformities in zebrafish larvae. Aquat 491 
Toxicol 148, 16-26. 492 
Crews, S. T., and Brenman, J. E. (2006). Spineless provides a little backbone for dendritic 493 
morphogenesis. Genes Dev 20(20), 2773-8. 494 
Dever, D. P., Adham, Z. O., Thompson, B., Genestine, M., Cherry, J., Olschowka, J. A., DiCicco-495 
Bloom, E., and Opanashuk, L. A. (2016). Aryl hydrocarbon receptor deletion in cerebellar granule 496 
neuron precursors impairs neurogenesis. Dev Neurobiol 76(5), 533-50. 497 
 19 
Dickinson, H., Moss, T. J., Gatford, K. L., Moritz, K. M., Akison, L., Fullston, T., Hryciw, D. H., 498 
Maloney, C. A., Morris, M. J., Wooldridge, A. L., Schjenken, J. E., Robertson, S. A., Waddell, B. J., 499 
Mark, P. J., Wyrwoll, C. S., Ellery, S. J., Thornburg, K. L., Muhlhausler, B. S., and Morrison, J. L. 500 
(2016). A review of fundamental principles for animal models of DOHaD research: an Australian 501 
perspective. J Dev Orig Health Dis 7(5), 449-472. 502 
Dobin, A., and Gingeras, T. R. (2015). Mapping RNA-seq Reads with STAR. Curr Protoc 503 
Bioinformatics 51, 11 14 1-19. 504 
Endo, T., Kakeyama, M., Uemura, Y., Haijima, A., Okuno, H., Bito, H., and Tohyama, C. (2012). 505 
Executive function deficits and social-behavioral abnormality in mice exposed to a low dose of dioxin 506 
in utero and via lactation. PLoS One 7(12), e50741. 507 
Fernandez-Salguero, P., Pineau, T., Hilbert, D. M., McPhail, T., Lee, S. S., Kimura, S., Nebert, D. W., 508 
Rudikoff, S., Ward, J. M., and Gonzalez, F. J. (1995). Immune system impairment and hepatic fibrosis 509 
in mice lacking the dioxin-binding Ah receptor. Science 268(5211), 722-6. 510 
Gene Ontology, C. (2015). Gene Ontology Consortium: going forward. Nucleic Acids Res 511 
43(Database issue), D1049-56. 512 
Gilbert, J. S. (2016). Chapter 8 - Epigenetics in the Developmental Origin of Cardiovascular Disorders 513 
A2 - Rosenfeld, Cheryl S. In The Epigenome and Developmental Origins of Health and Disease (pp. 514 
127-141. Academic Press, Boston. 515 
Gilbert, J. S., and Nijland, M. J. (2008). Sex differences in the developmental origins of hypertension 516 
and cardiorenal disease. Am J Physiol Regul Integr Comp Physiol 295(6), R1941-52. 517 
Glazer, L., Hahn, M. E., and Aluru, N. (2016). Delayed effects of developmental exposure to low 518 
levels of the aryl hydrocarbon receptor agonist 3,3',4,4',5-pentachlorobiphenyl (PCB126) on adult 519 
zebrafish behavior. Neurotoxicology 52, 134-43. 520 
Gluckman, P. D., Buklijas, T., and Hanson, M. A. (2016). Chapter 1 - The Developmental Origins of 521 
Health and Disease (DOHaD) Concept: Past, Present, and Future A2 - Rosenfeld, Cheryl S. In The 522 
Epigenome and Developmental Origins of Health and Disease (pp. 1-15. Academic Press, Boston. 523 
 20 
Grimes, A. C., Erwin, K. N., Stadt, H. A., Hunter, G. L., Gefroh, H. A., Tsai, H. J., and Kirby, M. L. 524 
(2008). PCB126 exposure disrupts zebrafish ventricular and branchial but not early neural crest 525 
development. Toxicol Sci 106(1), 193-205. 526 
Heindel, J. J., Blumberg, B., Cave, M., Machtinger, R., Mantovani, A., Mendez, M. A., Nadal, A., 527 
Palanza, P., Panzica, G., Sargis, R., Vandenberg, L. N., and Vom Saal, F. (2017). Metabolism 528 
disrupting chemicals and metabolic disorders. Reprod Toxicol 68, 3-33. 529 
Ho, S.-M., Cheong, A., To, S., Janakiram, V., Tarapore, P., and Leung, Y.-K. (2016). Chapter 16 - 530 
Cancer and Developmental Origins of Health and Disease—Epigenetic Reprogramming as a Mediator 531 
A2 - Rosenfeld, Cheryl S. In The Epigenome and Developmental Origins of Health and Disease (pp. 532 
315-336. Academic Press, Boston. 533 
Inglefield, J. R., and Shafer, T. J. (2000). Perturbation by the PCB mixture aroclor 1254 of GABA(A) 534 
receptor-mediated calcium and chloride responses during maturation in vitro of rat neocortical cells. 535 
Toxicol Appl Pharmacol 164(2), 184-95. 536 
Jeanneteau, F., and Deinhardt, K. (2011). Fine-tuning MAPK signaling in the brain: The role of MKP-537 
1. Commun Integr Biol 4(3), 281-3. 538 
Jensen, T. K., Timmermann, A. G., Rossing, L. I., Ried-Larsen, M., Grontved, A., Andersen, L. B., 539 
Dalgaard, C., Hansen, O. H., Scheike, T., Nielsen, F., and Grandjean, P. (2014). Polychlorinated 540 
biphenyl exposure and glucose metabolism in 9-year-old Danish children. J Clin Endocrinol Metab 541 
99(12), E2643-51. 542 
Jonsson, M. E., Jenny, M. J., Woodin, B. R., Hahn, M. E., and Stegeman, J. J. (2007a). Role of AHR2 543 
in the expression of novel cytochrome P450 1 family genes, cell cycle genes, and morphological 544 
defects in developing zebra fish exposed to 3,3',4,4',5-pentachlorobiphenyl or 2,3,7,8-545 
tetrachlorodibenzo-p-dioxin. Toxicol Sci 100(1), 180-93. 546 
Jonsson, M. E., Kubota, A., Timme-Laragy, A. R., Woodin, B., and Stegeman, J. J. (2012). Ahr2-547 
dependence of PCB126 effects on the swim bladder in relation to expression of CYP1 and cox-2 548 
genes in developing zebrafish. Toxicol Appl Pharmacol 265(2), 166-74. 549 
Jonsson, M. E., Orrego, R., Woodin, B. R., Goldstone, J. V., and Stegeman, J. J. (2007b). Basal and 550 
3,3',4,4',5-pentachlorobiphenyl-induced expression of cytochrome P450 1A, 1B and 1C genes in 551 
zebrafish. Toxicol Appl Pharmacol 221(1), 29-41. 552 
 21 
Kakeyama, M., Endo, T., Zhang, Y., Miyazaki, W., and Tohyama, C. (2014). Disruption of paired-553 
associate learning in rat offspring perinatally exposed to dioxins. Arch Toxicol 88(3), 789-98. 554 
Kim, S. Y., and Yang, J. H. (2005). Neurotoxic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin in 555 
cerebellar granule cells. Exp Mol Med 37(1), 58-64. 556 
Kimura, E., Kubo, K., Matsuyoshi, C., Benner, S., Hosokawa, M., Endo, T., Ling, W., Kohda, M., 557 
Yokoyama, K., Nakajima, K., Kakeyama, M., and Tohyama, C. (2015). Developmental origin of 558 
abnormal dendritic growth in the mouse brain induced by in utero disruption of aryl hydrocarbon 559 
receptor signaling. Neurotoxicol Teratol 52(Pt A), 42-50. 560 
King Heiden, T. C., Spitsbergen, J., Heideman, W., and Peterson, R. E. (2009). Persistent adverse 561 
effects on health and reproduction caused by exposure of zebrafish to 2,3,7,8-tetrachlorodibenzo-p-562 
dioxin during early development and gonad differentiation. Toxicol Sci 109(1), 75-87. 563 
Knecht, A. L., Truong, L., Simonich, M. T., and Tanguay, R. L. (2017). Developmental benzo[a]pyrene 564 
(B[a]P) exposure impacts larval behavior and impairs adult learning in zebrafish. Neurotoxicol Teratol 565 
59, 27-34. 566 
Kobayashi, D., Ahmed, S., Ishida, M., Kasai, S., and Kikuchi, H. (2009). Calcium/calmodulin signaling 567 
elicits release of cytochrome c during 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced apoptosis in the 568 
human lymphoblastic T-cell line, L-MAT. Toxicology 258(1), 25-32. 569 
Koopman, W. J., Distelmaier, F., Smeitink, J. A., and Willems, P. H. (2013). OXPHOS mutations and 570 
neurodegeneration. EMBO J 32(1), 9-29. 571 
Langeveld, W. T., Meijer, M., and Westerink, R. H. (2012). Differential effects of 20 non-dioxin-like 572 
PCBs on basal and depolarization-evoked intracellular calcium levels in PC12 cells. Toxicol Sci 573 
126(2), 487-96. 574 
Latchney, S. E., Hein, A. M., O'Banion, M. K., DiCicco-Bloom, E., and Opanashuk, L. A. (2013). 575 
Deletion or activation of the aryl hydrocarbon receptor alters adult hippocampal neurogenesis and 576 
contextual fear memory. J Neurochem 125(3), 430-45. 577 
Lester, B. M., Marsit, C. J., Conradt, E., Bromer, C., and Padbury, J. F. (2012). Behavioral epigenetics 578 
and the developmental origins of child mental health disorders. J Dev Orig Health Dis 3(6), 395-408. 579 
 22 
Li, Y., Chen, G., Zhao, J., Nie, X., Wan, C., Liu, J., Duan, Z., and Xu, G. (2013). 2,3,7,8-580 
Tetrachlorodibenzo-p-dioxin (TCDD) induces microglial nitric oxide production and subsequent rat 581 
primary cortical neuron apoptosis through p38/JNK MAPK pathway. Toxicology 312, 132-41. 582 
Lund, A. K., Goens, M. B., Nunez, B. A., and Walker, M. K. (2006). Characterizing the role of 583 
endothelin-1 in the progression of cardiac hypertrophy in aryl hydrocarbon receptor (AhR) null mice. 584 
Toxicol Appl Pharmacol 212(2), 127-35. 585 
Markowski, V. P., Zareba, G., Stern, S., Cox, C., and Weiss, B. (2001). Altered operant responding for 586 
motor reinforcement and the determination of benchmark doses following perinatal exposure to low-587 
level 2,3,7,8-tetrachlorodibenzo-p-dioxin. Environ Health Perspect 109(6), 621-7. 588 
Martin, C., and Zhang, Y. (2005). The diverse functions of histone lysine methylation. Nat Rev Mol 589 
Cell Biol 6(11), 838-49. 590 
Mayati, A., Levoin, N., Paris, H., N'Diaye, M., Courtois, A., Uriac, P., Lagadic-Gossmann, D., Fardel, 591 
O., and Le Ferrec, E. (2012). Induction of intracellular calcium concentration by environmental 592 
benzo(a)pyrene involves a beta2-adrenergic receptor/adenylyl cyclase/Epac-1/inositol 1,4,5-593 
trisphosphate pathway in endothelial cells. J Biol Chem 287(6), 4041-52. 594 
McMillan, B. J., and Bradfield, C. A. (2007). The aryl hydrocarbon receptor sans xenobiotics: 595 
endogenous function in genetic model systems. Mol Pharmacol 72(3), 487-98. 596 
Mi, H., Muruganujan, A., Casagrande, J. T., and Thomas, P. D. (2013). Large-scale gene function 597 
analysis with the PANTHER classification system. Nat Protoc 8(8), 1551-66. 598 
Newman, J., Gallo, M. V., Schell, L. M., DeCaprio, A. P., Denham, M., Deane, G. D., and Akwesasne 599 
Task Force on, E. (2009). Analysis of PCB congeners related to cognitive functioning in adolescents. 600 
Neurotoxicology 30(4), 686-96. 601 
Ovesen, J. L., Schnekenburger, M., and Puga, A. (2011). Aryl hydrocarbon receptor ligands of widely 602 
different toxic equivalency factors induce similar histone marks in target gene chromatin. Toxicol Sci 603 
121(1), 123-31. 604 
Patandin, S., Koopman-Esseboom, C., de Ridder, M. A., Weisglas-Kuperus, N., and Sauer, P. J. 605 
(1998). Effects of environmental exposure to polychlorinated biphenyls and dioxins on birth size and 606 
growth in Dutch children. Pediatr Res 44(4), 538-45. 607 
 23 
Pena-Llopis, S., and Brugarolas, J. (2013). Simultaneous isolation of high-quality DNA, RNA, miRNA 608 
and proteins from tissues for genomic applications. Nat Protoc 8(11), 2240-55. 609 
Puga, A., Nebert, D. W., and Carrier, F. (1992). Dioxin induces expression of c-fos and c-jun proto-610 
oncogenes and a large increase in transcription factor AP-1. DNA Cell Biol 11(4), 269-81. 611 
Qin, H., and Powell-Coffman, J. A. (2004). The Caenorhabditis elegans aryl hydrocarbon receptor, 612 
AHR-1, regulates neuronal development. Dev Biol 270(1), 64-75. 613 
Reimand, J., Arak, T., Adler, P., Kolberg, L., Reisberg, S., Peterson, H., and Vilo, J. (2016). g:Profiler-614 
a web server for functional interpretation of gene lists (2016 update). Nucleic Acids Res 44(W1), W83-615 
9. 616 
Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor package for 617 
differential expression analysis of digital gene expression data. Bioinformatics 26(1), 139-40. 618 
Schantz, S. L., Seo, B. W., Moshtaghian, J., Peterson, R. E., and Moore, R. W. (1996). Effects of 619 
gestational and lactational exposure to TCDD or coplanar PCBs on spatial learning. Neurotoxicol 620 
Teratol 18(3), 305-13. 621 
Schantz, S. L., Widholm, J. J., and Rice, D. C. (2003). Effects of PCB exposure on 622 
neuropsychological function in children. Environ Health Perspect 111(3), 357-576. 623 
Schneider, A. J., Branam, A. M., and Peterson, R. E. (2014). Intersection of AHR and Wnt signaling in 624 
development, health, and disease. Int J Mol Sci 15(10), 17852-85. 625 
Shertzer, H. G., Genter, M. B., Shen, D., Nebert, D. W., Chen, Y., and Dalton, T. P. (2006). TCDD 626 
decreases ATP levels and increases reactive oxygen production through changes in mitochondrial 627 
F(0)F(1)-ATP synthase and ubiquinone. Toxicol Appl Pharmacol 217(3), 363-74. 628 
Singh, K. P., Casado, F. L., Opanashuk, L. A., and Gasiewicz, T. A. (2009). The aryl hydrocarbon 629 
receptor has a normal function in the regulation of hematopoietic and other stem/progenitor cell 630 
populations. Biochem Pharmacol 77(4), 577-87. 631 
Smedley, D., Haider, S., Durinck, S., Pandini, L., Provero, P., Allen, J., Arnaiz, O., Awedh, M. H., 632 
Baldock, R., Barbiera, G., Bardou, P., Beck, T., Blake, A., Bonierbale, M., Brookes, A. J., Bucci, G., 633 
Buetti, I., Burge, S., Cabau, C., Carlson, J. W., Chelala, C., Chrysostomou, C., Cittaro, D., Collin, O., 634 
Cordova, R., Cutts, R. J., Dassi, E., Di Genova, A., Djari, A., Esposito, A., Estrella, H., Eyras, E., 635 
 24 
Fernandez-Banet, J., Forbes, S., Free, R. C., Fujisawa, T., Gadaleta, E., Garcia-Manteiga, J. M., 636 
Goodstein, D., Gray, K., Guerra-Assuncao, J. A., Haggarty, B., Han, D. J., Han, B. W., Harris, T., 637 
Harshbarger, J., Hastings, R. K., Hayes, R. D., Hoede, C., Hu, S., Hu, Z. L., Hutchins, L., Kan, Z., 638 
Kawaji, H., Keliet, A., Kerhornou, A., Kim, S., Kinsella, R., Klopp, C., Kong, L., Lawson, D., Lazarevic, 639 
D., Lee, J. H., Letellier, T., Li, C. Y., Lio, P., Liu, C. J., Luo, J., Maass, A., Mariette, J., Maurel, T., 640 
Merella, S., Mohamed, A. M., Moreews, F., Nabihoudine, I., Ndegwa, N., Noirot, C., Perez-Llamas, C., 641 
Primig, M., Quattrone, A., Quesneville, H., Rambaldi, D., Reecy, J., Riba, M., Rosanoff, S., Saddiq, A. 642 
A., Salas, E., Sallou, O., Shepherd, R., Simon, R., Sperling, L., Spooner, W., Staines, D. M., 643 
Steinbach, D., Stone, K., Stupka, E., Teague, J. W., Dayem Ullah, A. Z., Wang, J., Ware, D., Wong-644 
Erasmus, M., Youens-Clark, K., Zadissa, A., Zhang, S. J., and Kasprzyk, A. (2015). The BioMart 645 
community portal: an innovative alternative to large, centralized data repositories. Nucleic Acids Res 646 
43(W1), W589-98. 647 
Song, M. O., and Freedman, J. H. (2005). Activation of mitogen activated protein kinases by PCB126 648 
(3,3',4,4',5-pentachlorobiphenyl) in HepG2 cells. Toxicol Sci 84(2), 308-18. 649 
Stewart, P. W., Lonky, E., Reihman, J., Pagano, J., Gump, B. B., and Darvill, T. (2008). The 650 
relationship between prenatal PCB exposure and intelligence (IQ) in 9-year-old children. Environ 651 
Health Perspect 116(10), 1416-22. 652 
Thiel, R., Koch, E., Ulbrich, B., and Chahoud, I. (1994). Peri- and postnatal exposure to 2,3,7,8-653 
tetrachlorodibenzo-p-dioxin: effects on physiological development, reflexes, locomotor activity and 654 
learning behaviour in Wistar rats. Arch Toxicol 69(2), 79-86. 655 
Thomas, G. M., and Huganir, R. L. (2004). MAPK cascade signalling and synaptic plasticity. Nat Rev 656 
Neurosci 5(3), 173-83. 657 
Turner, S. (2016). Chapter 11 - Developmental Origins of Childhood Asthma and Allergic 658 
Conditions—Is There Evidence of Epigenetic Regulation? A2 - Rosenfeld, Cheryl S. In The 659 
Epigenome and Developmental Origins of Health and Disease (pp. 191-210. Academic Press, 660 
Boston. 661 
Vreugdenhil, H. J., Slijper, F. M., Mulder, P. G., and Weisglas-Kuperus, N. (2002). Effects of perinatal 662 
exposure to PCBs and dioxins on play behavior in Dutch children at school age. Environ Health 663 
Perspect 110(10), A593-8. 664 
 25 
Walker, C. L., and Ho, S. M. (2012). Developmental reprogramming of cancer susceptibility. Nat Rev 665 
Cancer 12(7), 479-86. 666 
Wang, L., Wang, S., and Li, W. (2012). RSeQC: quality control of RNA-seq experiments. 667 
Bioinformatics 28(16), 2184-5. 668 
Wang, Q., Trevino, L. S., Wong, R. L., Medvedovic, M., Chen, J., Ho, S. M., Shen, J., Foulds, C. E., 669 
Coarfa, C., O'Malley, B. W., Shilatifard, A., and Walker, C. L. (2016). Reprogramming of the 670 
Epigenome by MLL1 Links Early-Life Environmental Exposures to Prostate Cancer Risk. Mol 671 
Endocrinol 30(8), 856-71. 672 
Wefers, B., Hitz, C., Holter, S. M., Trumbach, D., Hansen, J., Weber, P., Putz, B., Deussing, J. M., de 673 
Angelis, M. H., Roenneberg, T., Zheng, F., Alzheimer, C., Silva, A., Wurst, W., and Kuhn, R. (2012). 674 
MAPK signaling determines anxiety in the juvenile mouse brain but depression-like behavior in adults. 675 
PLoS One 7(4), e35035. 676 
Winneke, G., Ranft, U., Wittsiepe, J., Kasper-Sonnenberg, M., Furst, P., Kramer, U., Seitner, G., and 677 
Wilhelm, M. (2014). Behavioral sexual dimorphism in school-age children and early developmental 678 
exposure to dioxins and PCBs: a follow-up study of the Duisburg Cohort. Environ Health Perspect 679 
122(3), 292-8. 680 
Wirbisky, S. E., Sepulveda, M. S., Weber, G. J., Jannasch, A. S., Horzmann, K. A., and Freeman, J. 681 
L. (2016a). Embryonic Atrazine Exposure Elicits Alterations in Genes Associated with Neuroendocrine 682 
Function in Adult Male Zebrafish. Toxicol Sci 153(1), 149-64. 683 
Wirbisky, S. E., Weber, G. J., Sepulveda, M. S., Lin, T. L., Jannasch, A. S., and Freeman, J. L. 684 
(2016b). An embryonic atrazine exposure results in reproductive dysfunction in adult zebrafish and 685 
morphological alterations in their offspring. Sci Rep 6, 21337. 686 
Wirbisky, S. E., Weber, G. J., Sepulveda, M. S., Xiao, C., Cannon, J. R., and Freeman, J. L. (2015). 687 
Developmental origins of neurotransmitter and transcriptome alterations in adult female zebrafish 688 
exposed to atrazine during embryogenesis. Toxicology 333, 156-67. 689 
Xue, J., Liu, S. V., Zartarian, V. G., Geller, A. M., and Schultz, B. D. (2014). Analysis of NHANES 690 
measured blood PCBs in the general US population and application of SHEDS model to identify key 691 
exposure factors. J Expo Sci Environ Epidemiol 24(6), 615-21. 692 
 26 
Yates, A., Akanni, W., Amode, M. R., Barrell, D., Billis, K., Carvalho-Silva, D., Cummins, C., Clapham, 693 
P., Fitzgerald, S., Gil, L., Giron, C. G., Gordon, L., Hourlier, T., Hunt, S. E., Janacek, S. H., Johnson, 694 
N., Juettemann, T., Keenan, S., Lavidas, I., Martin, F. J., Maurel, T., McLaren, W., Murphy, D. N., 695 
Nag, R., Nuhn, M., Parker, A., Patricio, M., Pignatelli, M., Rahtz, M., Riat, H. S., Sheppard, D., Taylor, 696 
K., Thormann, A., Vullo, A., Wilder, S. P., Zadissa, A., Birney, E., Harrow, J., Muffato, M., Perry, E., 697 
Ruffier, M., Spudich, G., Trevanion, S. J., Cunningham, F., Aken, B. L., Zerbino, D. R., and Flicek, P. 698 
(2016). Ensembl 2016. Nucleic Acids Res 44(D1), D710-6. 699 
 700 
 701 
Figure legends 702 
 703 
 704 
Figure 1. Transcriptional changes associated with developmental exposure to PCB126. Volcano plots 705 
showing gene expression changes in zebrafish exposed to 0.3 nM (top panel) and 1.2 nM PCB126 706 
(bottom panel). A. 2 dpf embryos; B and D. 5 dpf larvae and C and E. Adult brains (6 months). Each 707 
spot in the graphs represents one gene. Red spots represent significant differentially expressed 708 
genes (False discovery rate less than or equal to 5%). The few significant DEGs are highlighted in (A) 709 
and (D). 710 
 711 
Figure 2. Number of differentially expressed genes in adult zebrafish brain. Venn diagram shows the 712 
number of unique and common DEGs in the adults that were developmentally exposed to 0.3 or 1.2 713 
nM PCB126. Arrows represent Up- and down-regulated genes.  714 
 715 
Figure 3. Effect of PCB126 exposure on the calcium signaling pathway. There was upregulation of 716 
several genes associated with calcium signaling in the brain of adult fish that were developmentally 717 
exposed to PCB126. These genes include voltage dependent calcium channels, glutamate and 718 
cholinergic receptors and members of downstream signaling. Genes that are differentially expressed 719 
are highlighted in green (0.3nM PCB126), red (1.2nM PCB126) and blue (both concentrations). 720 
 721 
Figure 4. Effect of PCB126 exposure on oxidative phosphorylation. There was downregulation of a 722 
number of genes associated with oxidative phosphorylation in the brain of adult fish that were 723 
developmentally exposed to PCB126. These genes are associated with electron transport chain and 724 
ATP synthase. The figure shows all components of the oxidative phosphorylation pathway and the 725 
DEGs corresponding to each component are listed below.  Genes that are differentially expressed are 726 
highlighted in green (0.3nM PCB126), red (1.2nM PCB126) and blue (both concentrations). 727 
 27 
List of tables 728 
 729 
Table 1. List of differentially expressed genes and their expression levels (fold change) in the 730 
embryos and larvae exposed to 0.3 nM and 1.2 nM PCB126, respectively. The entire list of genes is 731 
provided in supplemental information (dge.xlsx). 732 
 733 
PCB dpf Gene Fold change FDR 
0.3 nM 2  cytochrome P4501a (cyp1a) 12.49 0.00455 
0.3 nM 5 (none)   
1.2 nM 5  
cytochrome P4501a (cyp1a) 23.98 0.00025 
cytochrome P4501c2 (cyp1c2) 3.08 0.00516 
cytochrome P4501b1 (cyp1b1) 3.62 0.00699 
cytochrome P4501c1 (cyp1c1) 5.59 0.00747 
forkhead box F2a (foxf2a) 1.83 0.0237 
si:ch1073-384e4.1 (lincRNA) 4.3 0.0331 
aryl hydrocarbon receptor 
repressor a (ahrra) 10.08 0.0379 
 734 
 735 
Table 2. Gene Ontology (GO) term enrichment analysis of differentially expressed genes in the 736 
brain. Only significantly enriched GO child terms are shown. The number of up and downregulated 737 
genes represented under each GO term are listed for both PCB126 concentrations. The list of gene 738 
names associated with each GO term are provided in the supplemental information 739 
(PathwayAnalysis_up.xlsx; PathwayAnalysis_down.xlsx). A dash (-) indicates that the indicated GO 740 
term was not significantly enriched in that exposure group. 741 
 742 
 743 
 744 
GO Term 0.3nM 
PCB126 
1.2nM 
PCB126 
Adjusted  
p.value 
Upregulated genes 
GO:0005261 Cation channel activity 27 25 4.52E-06 
GO:0000982 Transcription factor activity, RNA polymerase II core 
                      promoter proximal region sequence-specific binding 
10 9 1.62E-03 
GO:0043565 Sequence specific DNA binding - 18 2.20E-02 
GO:0019905 Syntaxin binding 9 - 4.81E-02 
GO:0005096 GTPase activator activity 13 - 5.00E-02 
Downregulated genes 
GO:0003735 Structural constituent of ribosome 23 51 1.85E-43 
GO:0003723 RNA binding - 35 6.04E-09 
GO:0005518 collagen binding 6 - 2.34E-04 
GO:1901681 sulfur compound binding 10 - 2.03E-02 
GO:0005546 phosphotidylinositol-4,5-bisphosphate binding 3 - 2.75E-02 
GO:0015379 potassium:chloride symporter activity - 2 3.19E-02 
 28 
Table 3. KEGG pathway analysis of DEGs in the brain. KEGG pathway analysis of DEGs from 0.3nM 745 
and 1.2nM PCB groups was conducted using gProfiler and the enriched KEGG terms were compared 746 
using gCocoa. KEGG pathways and the number of up and downregulated DEGs associated with each 747 
KEGG term from both treatments are listed below. The list of gene names associated with each 748 
pathway are provided in supplemental information (PathwayAnalysis_up.xlsx; 749 
PathwayAnalysis_down.xlsx). A dash (-) indicates that the KEGG term was not significantly enriched 750 
in that exposure group. 751 
 752 
 753 
 754 
Table 4. Gene Ontology (GO) and KEGG pathway analysis of differentially expressed genes 755 
that are common to both treatment groups. Only significantly enriched GO child terms are shown. 756 
The number of genes represented under each GO term are listed and the list of gene names is 757 
provided in the supplemental information (977_commongenes.xlsx). 758 
 759 
GO and KEGG terms Number of 
genes 
Adjusted  
p.value 
GO:0008331 High voltage-gated calcium channel activity 6 0.01 
GO:0003735 Structural constituent of ribosome 14 0.04 
   
KEGG:03010 Ribosome 22 9.37E-07 
KEGG:00190 Oxidative Phosphorylation 18 7.41E-04 
KEGG:04020 Calcium signaling pathway 22 1.86E-02 
KEGG:04260 Cardiac muscle contraction 12 2.03E-02 
 760 
 761 
 762 
 763 
KEGG ID KEGG pathway 0.3 nM 
PCB126 
1.2 nM 
PCB126 
Adjusted
p.value 
Upregulated genes 
04020 Calcium signaling pathway 20 21 1.25E-06 
04010 MAPK signaling pathway 23 23 4.44E-06 
04330 Notch signaling pathway 12 - 5.61E-06 
00310 Lysine degradation 8 8 2.36E-04 
04012 ErbB signaling pathway 6 8 6.43E-03 
04912 GnRH signaling pathway 12 6 7.04E-03 
04320 Dorso-ventral axis formation 6 5 7.80E-03 
04914 Progesterone-mediated oocyte maturation 8 6 9.52E-03 
04068 FoxO signaling pathway 15 - 1.13E-02 
Downregulated genes 
00190 Oxidative phosphorylation 64 20 7.90E-61 
03010 Ribosome 31 71 2.01E-46 
01100 Metabolic pathways 124 - 4.93E-13 
01200 Carbon metabolism 23 - 7.18E-04 
04512 ECM-receptor interaction 15 - 3.04E-03 
00480 Glutathione metabolism 8 - 3.67E-03 
01212 Fatty acid metabolism 11 - 1.08E-02 
00020 Citrate cycle (TCA cycle) 5 - 1.27E-02 
 29 
Table 5.  List of differentially expressed genes associated with KEGG term calicum signaling. 764 
A dash (-) indicates that the gene was not differentially expressed in that exposure group. 765 
 766 
 767 
  0.3 nM PCB126 1.2 nM PCB126 
Gene symbol Gene description logFC FDR logFC FDR 
cacna1c calcium channel, voltage-dependent, L type, alpha 1C 
subunit 
0.71 0.00012 0.56 0.0025 
cacna1g calcium channel, voltage-dependent, T type, alpha 1G 
subunit 
0.73 0.00013 0.54 0.0045 
tacr1a tachykinin receptor 1a 0.89 0.00036 0.67 0.0082 
cacna1ba calcium channel, voltage-dependent, N type, alpha 1B 
subunit, a 
0.53 0.00172 0.40 0.0365 
adcy1a adenylate cyclase 1a 0.64 0.00197 0.59 0.0076 
slc8a4a solute carrier family 8 (sodium/calcium exchanger), 
member 4a 
0.55 0.00202 0.53 0.0055 
cacna1ab calcium channel, voltage-dependent, P/Q type, alpha 
1A subunit, b 
0.83 0.00394 0.63 0.0326 
cacna1da calcium channel, voltage-dependent, L type, alpha 1D 
subunit, a 
0.58 0.00457 0.56 0.0093 
erbb4a erb-b2 receptor, tyrosine kinase 4a 0.64 0.00479 - - 
chrm2a cholinergic receptor, muscarinic 2a 0.56 0.00691 0.71 0.0018 
grm5a glutamate receptor, metabotropic 5a 0.49 0.00753 0.83 0.0001 
cacna1ha calcium channel, voltage-dependent, T type, alpha 1H 
subunit, a 
0.45 0.01142 0.43 0.0243 
grm1b glutamate receptor, metabotropic 1b 0.76 0.01179 - - 
adcy2a adenylate cyclase 2a 0.47 0.01439 0.40 0.0486 
cacna1bb calcium channel, voltage-dependent, N type, alpha 1B 
subunit, b 
0.43 0.01621 0.43 0.0215 
cacna1i calcium channel, voltage-dependent, T type, alpha 1l 
subunit 
0.50 0.02267 0.55 0.0172 
gna11b guanine nucleotide binding protein (G protein), alpha 
11b (Gq class) 
0.41 0.02381 0.40 0.0394 
hrh1 histamine receptor H1 1.14 0.02435 - - 
gnas GNAS complex locus 0.40 0.02603 - - 
itpr1b inositol 1,4,5-triphosphate receptor, type 1b 0.42 0.02829 - - 
atp2b3b ATPase, Calcium transporting, plasma membrane 3b - - 0.55 0.0224 
nos1 nitric oxide synthase 1 (neuronal) - - 0.69 0.0027 
slc8a2b solute carrier family 8 (sodium/calcium exchanger), 
member 2b 
- - 0.54 0.0389 
trhrb thyrotropin-releasing hormone receptor b - - 0.85 0.0360 
trhra thyrotropin-releasing hormone receptor a - - 0.82 0.0149 
stim2b stromal interaction molecule 2b - - 0.52 0.0473 
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